The foundation of an offshore installation is designed to resist the static and dynamic loads it is subjected to during its lifetime. The design codes specify combinations of load factor on the static load, load factor on the dynamic load, and resistance factor on the soil resistance, with reference to the 'characteristic' loads acting on the foundation and the 'characteristic' foundation capacity. In principle, the designer aims at achieving a target annual failure probability. Whether or not the load and resistance factors specified in the design codes actually achieve a target annual probability of failure depends on the type of installation, the load characteristics, the soil characteristics, the analysis method(s) and the relative importance of static and dynamic loads. The paper calculates the load and resistance factors required for a target annual failure probability of 1 × 10 -4
Introduction
Ensuring adequate safety under severe loading conditions is necessary for offshore installations. The foundation must be designed to resist various combinations of static loads, P s (weight of superstructure, buoyancy, …) and dynamic loads (wave loading during severe storms, earthquake, ship impact, …), P d . The design equation in most offshore guidelines and standards has the following format:
where  1 is the load factor on the characteristic static load,  2 is the load factor on the characteristic dynamic load,  m is the resistance factor, and Q ult is the characteristic foundation capacity under the applied loads. The return period for P d depends on the limit state considered. A return period of 100 years is typically used for checking the ultimate limit state of offshore structures in the North Sea. Figures 1 and 2 describe graphically the typical loads on a pile in a jacket offshore and on a 'shallow' or anchor foundation. In Figure 1 , P s = P static + W' and P d = P ave + P cyc -P static , while in Figure 2 , P s = W' and P d = H.
Risk is an unavoidable consideration for offshore platforms and is a result or consequence of uncertainty. The designer compensates for the uncertainties by introducing appropriate 'partial safety factors' (i.e.  1 ,  2 and  m in equation 1) in design.
If there were no uncertainties, the partial safety factors could be 1. The safety margin of the foundation depends on the uncertainty in the parameters in the analyses, including the uncertainty in the calculation model for the capacity. A primary application of reliability methods is in the development and evaluation of design criteria (ASCE, 1983) . Design procedures, parameters and safety factors should have a probabilistic basis to provide uniformity of reliability among components, and to optimise safety and improve cost-effectiveness. Reliability methods provide a basis for the rational and systematic treatment of the uncertainties associated with the offshore environmental loadings and geotechnical conditions, and it circumvents the use of safety factors. Reliability logic and technology provide a powerful tool for developing costeffective design criteria for offshore installations. Several studies have been carried out to calibrate load factors (Scott et al., 2003; Tarp-Johansen, 2005; Nizamani et al., 2014) and resistance factors (Foye et al., 2009; Kim et al., 2011) through reliability analysis. However, few studies have paid attention to calibrating both load and resistance factors for a target annual failure probability.
There will always be a finite probability that the loads can cause damage, or the total collapse, of an offshore structure. Defining the level of finite annual probability of failure that is tolerable is the challenge for a designer. The safety objective of equation (1) is to ensure that the annual probability of foundation failure is less than a target value, typically 1 × 10 -4 (Norwegian standard, NORSOK, 2004; 2007) to 2.5 × 10 -4
(ISO standard, ISO, 2007) per year. However, whether or not the specified load and resistance factors actually achieve this objective depends on the type of offshore structure, the load characteristics, the soil characteristics, the foundation analysis method(s), and the relative importance of the static to the dynamic loads. The target annual failure probability of 1 × 10 -4 is the highest allowable probability of failure that would satisfy the NORSOK regulations (NORSOK, 2007) . One can argue that this target value should be lower because it does not consider the reliability of the superstructure. The platform superstructure and the foundation substructure could be considered as the two main 'components' of the platform-foundation 'system'. These two components are connected in series, which means that the failure of either one leads to system failure.
If the superstructure is optimised so that it has the same reliability level as the foundation substructure, then both components should be designed for a target annual failure probability of 5 × 10 -5 such that the whole system has an annual failure probability less than 1 × 10 -4
. The owner may also decide to use even a smaller target value to achieve a higher reliability for the superstructure-foundation system. This paper obtains the load and resistance factors,  1 ,  2 and  m , for a target annual failure probability of 1 × 10 -4
. The 'calibrated' load and resistance factors for this probability of failure were obtained for four combinations of static and dynamic loads, two probability distribution functions of the peak annual dynamic load on the foundation, and coefficients of variation (CoV) of the characteristic foundation capacity between 15% and 25%.
The paper describes the approach to derive the calibrated load and resistance factors, and discusses the results in view of the required load and resistance factors in the API LRFD (2003 ), ISO 19902 (2007 and NORSOK (2004) guidelines and codes for offshore design.
Uncertainty in load and resistance

Probabilistic representation of loads
Static Loads: Very little uncertainty is usually found in the static loads induced by gravity (weight of the platform and foundation elements) and buoyancy on the foundation. An uncertainty in gravity-induced loads was not included in the analyses, and  1 was therefore taken as unity (1.0).
Environmental Loads:
In the analyses in this paper, the annual maximum storm-or earthquake-induced loads on the foundation were taken to follow either an extreme value distribution or a Pareto distribution.
Typically, the annual maximum storm-induced load on the foundation follows a Gumbel (Type I) extreme value distribution (Lacasse et al., 2013a) :
The extreme value, x q , corresponding to an annual exceedance probability q, is given by:
If the q-probability extreme values, x q1 and x q2 , are given for two exceedance probability levels, q 1 and q 2 , then the parameters β and α can be estimated from equations (4) and (5):
The extreme loads corresponding to different return periods, for example return periods of 10, 100, 1000 and 10,000 years (where the annual exceedance probability is the inverse of the return period) are usually provided by the structural engineer. The parameters of the Gumbel distribution can be estimated from any pair of these extreme loads.
In addition to the Gumbel distribution, the Pareto distribution is another 'heavy tail' distribution that seems to be valid when the extreme loads increase more rapidly than an order of magnitude for return periods. The Pareto distribution is expressed by:
where k is a scale parameter and a is a shape parameter. Both parameters are positive. If the q-probability extreme values, x q1 and x q2 , are given for two exceedance probability levels, q 1 and q 2 , then the parameters a and k can be estimated from equations (7) and (8):
The Pareto distribution with dynamic load ratio (i.e., P d-10,000 yr /P d-100 yr ) greater than 2.0 produced very large values for the required load factor due to the heavy-tail characteristic of the distribution. Therefore, if the load ratio is expected to be greater than 2.0, the designer needs to select an appropriate distribution by considering different types of extreme value distributions. Only the results for the Gumbel distribution are presented in the paper.
Uncertainty in resistance
In the analyses described herein, the characteristic foundation capacity was assumed to have a lognormal distribution, based on a study reported in Lacasse et al. (2013a Lacasse et al. ( , 2013b Lacasse et al. ( , 2013c . A parametric study of the uncertainty in the soil was performed by including values of coefficient of variation, CoV (defined as ratio of standard deviation to mean value), of 15, 20 and 25%. The next paragraphs describe briefly the evaluation of the probabilistic capacity and of the model uncertainty. The deterministic model for the calculation of the capacity was combined with structural reliability methods to obtain the component reliability of a foundation in terms of its capacity when subjected to loading. The probabilistic axial capacity of, for example, an offshore pile foundation, with the loads illustrated in Figure 1 , required the following calculations:  Deterministic analysis of the axial pile capacity with the best estimate of the mechanical soil properties relevant for the pile capacity method used.
 Probabilistic description of pile and soil basic random variables and quantification of the model uncertainty for the pile capacity method used in order to evaluate the uncertainty in the ultimate pile capacity.
 Determination of the probability density function for the axial pile capacity.
The calculations of the deterministic and probabilistic capacity involved six steps (Lacasse et al., 2013a (Lacasse et al., , 2013b (Lacasse et al., , 2013c ):
Where possible (since geotechnical parameters often suffer from large epistemic uncertainty), the profiles of the soil parameters were established by doing statistical analyses of the available soil data. In each evaluation, the statistical estimates were combined with engineering experience and judgment. Where there were not enough data available, earlier published results were also used. The probability density function of the axial pile capacity thus obtained was used in the limit state function defined as 'g = Pile capacity -(Deterministic value of pile capacity)', where  is a factor less than 1 (see explanation in next paragraph). The analyses were repeated for 8 values of . Normal and lognormal probability density functions were fitted to the computed values. Based on the better fit of the two distribution functions obtained, the probabilistic description of the axial pile capacity was established.
Since the quantity being evaluated probabilistically is related to resistance rather than loading, the best fit to the lower tail (values below the mean) of the distribution function is the most relevant for the foundation reliability analysis. The following fractions of the deterministic value were used:  = 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8 and 0.85.
The analyses in the Lacasse et al. (2013c) paper indicate that the uncertainty in the model used to calculate the capacity can have a very significant, sometimes overwhelming, effect on the resulting probabilistic capacity and the ensuing probability of failure. The model uncertainty in a calculation method was also quantified in terms of a mean (or bias), standard deviation and the probability density function that best fitted the data. The ideal approach for quantifying the uncertainty in a geotechnical capacity model is to compare the predicted and measured capacity for relevant foundation dimensions and relevant loading conditions, for example with pile load tests for piles supporting a jacket offshore. The main sources of information for the evaluation of model uncertainty are databases of model tests compiled in the literature. However, the model tests are usually for much smaller foundation dimensions and smaller loads than the dimensions of the prototype foundations offshore and static and environmental loads offshore. Aspects such as number of available reliable model tests in the database, the interpretation of the 'reliable' model tests, the availability of the original data, scaling factors, and the influence of specific geotechnical characteristics, such as the plasticity of a clay or the density of a sand, are factors that can influence the statistics of the model uncertainty. This renders the evaluation of the model uncertainty difficult with the available database of model tests today (Lacasse et al., 2013b) .
For this reason, the analyses were carried out with the uncertainty in the foundation capacity calculation model set to a coefficient of variation, CoV, of 15, 20 and 25%. The CoV of 25% signifies that the estimated foundation capacity could be in error by a factor of 1.0 to 3.
Foundation failure probability
The failure probabilities were calculated with the first-order reliability method, FORM (Gollwitzer et al., 1988) . In the FORM approximation, one needs to define a performance function, g(X), such that g(X)  0 means satisfactory performance and g(X) < 0 means failure. X is a vector of basic random variables including soil properties and modelling uncertainty. If the joint probability density function of all basic random variables F X (x) is known, the probability of failure, P f , is given by:
where L is the domain of X where g(X) < 0. In general, the above integral cannot be solved analytically, and an approximation is obtained by the FORM approach. In this approach, the general case is approximated to an ideal situation where X is a vector of independent Gaussian variables with zero mean and unit standard deviation, and g(X) is a linear function. The probability of failure P f at the 'design point' (where the probability of failure is highest) is:
where P[…] reads as 'the probability that',  i is the direction cosine of the random variable X i , U i is the transformation of variable X i in the standard normal space,  is the distance between the origin and the hyper-plane g(U) = 0 in the standard normal space, n is the number of basic random variables X i (and its transformation in the standard normal space U), and  is the standard normal distribution function. The coordinates of the 'design point' (at failure) from the probabilistic calculations are important for the calibration of the load and resistance factors in terms of a reliabilitybased framework. It is important to locate these coordinates and to use and perhaps adjust, in an iterative manner, the uncertainties associated with these coordinates. The significance of the coordinates of the design point in code calibration is discussed further in Section 5.4.
The vector of the direction cosines of the random variables ( i ) is called the vector of sensitivity factors, and the distance  is called the reliability index. The relationship between the reliability index  and the probability of failure P f is shown on Figure 3 . The direction cosines or sensitivity factors are an important by-product of the FORM analysis. The square of the sensitivity factors ( i 2 ), which sum is equal to unity, quantifies the relative contribution of the uncertainty in each random variable X i to the total uncertainty, and thereby quantifies the relative influence of each uncertain variable on the probability of failure.
The statistical subroutine packages FORM and SORM (second-order reliability method) in COMREL-Symbolic software package developed by RCP GmbH were used in the analyses. Spot verifications were done comparing FORM and SORM. The changes in the results were found to be small.
Analyses
Distribution functions for characteristic load and foundation capacity
The calculations included first a deterministic design using equation (1). The following parameters (including load and resistance factors) were used:
Loads: P d-100yr = 100 (characteristic dynamic load with return period of 100 years)
Partial safety factors:
Ratio of static (P s ) to maximum 100-yr load (P max ):
For each combination of P s and P d-100yr , the required ultimate foundation capacity, Q ult , was calculated from equation (1):
Q ult was assumed to be the mean value of the foundation capacity in the probabilistic analyses.
In an actual calibration of the load and resistance factors, the calibrated resistance factor is derived for one specific value of capacity (therefore specific values of the soil parameters used to calculate the capacity). Usually, one would do the calibration for both the 'characteristic' values of the soil parameters (thus the 'characteristic' capacity) and the 'mean' values of the soil parameters (therefore the 'mean' capacity). The calibrated factors need therefore to be associated with the shear strength parameters they were derived with. For the present study, the Q ult , obtained with equation (11), using the resistance factor  m , was taken to be the mean capacity. This capacity is denoted simply as Q in the tables of results. Further discussion of the mean versus the characteristic foundation capacity is provided in Section 5.4.
In the probabilistic calculation, the three afore-mentioned cases of uncertainty in the foundation capacity were considered: CoV(Q) =  Q / Q = 0.15, 0.20 and 0.25, where CoV is the coefficient of variation,  Q denotes the standard deviation of the foundation capacity and  Q the mean value of the foundation capacity.
As described in Section 2.1, a Gumbel distribution for the annual maximum dynamic load was used. Using the procedure outlined in Section 2.1, the parameters of the distribution function were estimated for ratios P d-10,000yr /P d-100yr of 1.25, 1.5 and 1.75 (3 cases).
Evaluation of the annual probability of foundation failure
The assessment of the annual probability of foundation failure was done using the FORM approximation in the COMREL-Symbolic software package. The following limit state function g was used in the calculation of the annual foundation failure:
where  represents the modelling and statistical uncertainty in load (effect) calculations and 'scale' is the scaling factor to be used on Q ult to obtain the selected target annual failure probability. On the basis of three case studies of offshore jackets with piled foundations (Lacasse et al., 2013a) ,  was assumed to have a normal distribution with standard deviation  of 0.1 and mean  of 1. Table 1 summarises some of the results obtained. The load and resistance factors ensuring that the annual failure probability is less than 1 × 10 -4 for different combinations of static and dynamic loads and different uncertainties in the foundation capacity are presented. Notes: * Resistance factor with the initial load factor of 1.3, required for P f = 10 -4 /yr. ** Resistance factor with the calibrated load factor in equation (1), required for P f = 10 -4 /yr.
Results of analyses
Resistance and load factors
Notation: P f = annual probability of failure  = annual reliability index
The results with the dynamic load ratios P d-10,000yr /P d-100yr of 1.25 to 1.75 are based on the Gumbel distribution. The annual probability of failure, P f , was calculated with the values of the parameters given in Section 4.1. This calculated annual P f is given in Column 4 of Table 1 . No case produced a target annual failure probability of 1 × 10 -4 or less. Column 5 in Table 1 gives the scaling factor required on the foundation capacity to bring the annual failure probability to the target of 1 × 10 -4 . The 'calibrated' load factor in Column 6 of Table 1 was calculated by multiplying the dynamic load by the value of '' at the design point and dividing by the 100-year characteristic dynamic load.
The 'calibrated' resistance factors in Column 7 of Table 1 were calculated for two alternatives:
1 The resistance factor required with the initial load factor that gives the target annual failure probability, i.e.,  m,case1 = 1.3·scale (denoted Case 1).
2 The resistance factor required together with the 'calibrated' load factor in the deterministic equation to produce the target annual failure probability, i.e.  m,case2 =  Q /(value of Q ult at the design point for the target annual failure probability). This 'calibrated' load factor is defined as the ratio of the dynamic load at the design point to the characteristic dynamic load with return period of 100 years (denoted Case 2).
The graphical results are presented in Figures 4, 5 and 6 . The 'calibrated' load and resistance factors in Table 1 are plotted in Figure 4 as a function of the uncertainty in the foundation capacity for three different dynamic load ratios (P d-10,000yr /P d-100yr ). In Figure 4 , open symbols represent the 'calibrated' load factors and solid symbols the 'calibrated' resistance factors. Figure 4 presents the resistance factors calculated with Case 2 only. For ease of comparison and discussion of the results, the calibrated resistance and load factors are shown separately in Figures 5 and 6 .
Overall, the calibrated load and resistance factors changed consistently with the dynamic load ratios and with the increase in the CoV(Q)-values used in the analyses. The results in Figure 4 show consistent trends: as the resistance factor increases, the load factor decreases, leading to the same annual probability of failure for given load combinations and uncertainty in the foundation capacity. However there were a few noteworthy exceptions, as discussed in Sections 5.2 and 5.3.
Figure 4
Load and resistance factors calibrated to annual P f of 1×10 -4 for different uncertainties in foundation capacity and for dynamic load ratios P s /P max of 0.1 to 0.75 (see online version for colours)
Resistance factor (Column 7, Case 2 in Table 1)
Figure 5 presents the calibrated resistance factors for Case 2. For a P d-10,000yr /P d-100yr ratio of 1.5, a P s / P max load ratio of 0.25 and a CoV(Q) foundation capacity uncertainty of 0.20, the calibrated required resistance factor for the target annual probability of failure of 1 × 10 -4 was 1.63. Other examples of the required resistance factor (Case 2) for the same target probability of failure are given in Table 2 . Table 2 Calibrated resistance factor for dynamic load ratios between 1.25 and 1.75 (target annual probability of failure of 1×10 -4 and COV = 0.20 for foundation capacity) The resistance factor varied with the ratio P d-10,000yr /P d-100yr , the load ratio P s /P max and CoV(Q). The calibrated resistance factor increased consistently with increasing uncertainty in the foundation resistance. It however decreased as the ratio of the dynamic loads P d-10,000yr /P d-100yr increased. The resistance factor increased slightly with increasing load ratio P s /P max for a given uncertainty in the capacity. The changes in the required resistance factor were quite uniform as the uncertainties in capacity and as the loads ratios were varied. Table 1) In a similar fashion, Figure 6 presents the calibrated load factors to a target annual P f of 1 × 10 -4 . For a ratio P d-10,000yr /P d-100yr of 1.5, P s /P max of 0.25 and CoV(Q) of 0.20, the required load factor for a target annual failure probability of 10 -4 was 1.23. The load factor varied with each of the three variables. For a given ratio of P d-10,000yr /P d-100yr , the load factor decreased with increasing CoV(Q), though to less degree than the increase in the resistance factor for the same change in CoV(Q). The calibrated load factor decreased with increasing ratio P s /P max , given a fixed uncertainty in foundation capacity. For given uncertainty in foundation capacity and static to dynamic load ratio, the calibrated load factor increased with increasing ratio P d-10,000yr /P d-100yr , with the a slight exception of the case with the load ratio P s /P max of 0.75.
Load factor (Column 6 in
The load factor is the ratio of the dynamic load at the design point to the load with 100-year return period, used as the reference characteristic dynamic load. This means that for load factors greater than one, the value of the dynamic load at the design point corresponds to a return period greater than 100 years.
A small uncertainty in the static load induced by gravity (e.g., weight of the platform) was considered in the study. The effect of this uncertainty on the partial safety factors was found to be negligible.
The values of the calibrated resistance and load factors can be compared with the values specified in current guidelines and standards. The most common codes applied for offshore foundation design would be API-RP 2A WSD (2007)/LRFD (2003 ( ), ISO 19902 (2007 and NORSOK N-004 (2004) . In API 2A WSD (2007), the resistance and load factors are lumped in a single safety factor of 1.5 for extreme condition and 2.0 for operational condition. Table 3 compares the load and resistance factors obtained with the generic model outlined in this paper with those obtained by Lacasse et al. (2013c) using detailed analyses. The comparison is generally favourable. Note: * Resistance factor using the mean foundation capacity with the calibrated load factor, required for P f = 10 -4 /yr. 
Interpretation of partial safety factors
The analyses in this paper suggest that the offshore foundations designed with the load and resistance factors recommended in today's guidelines and standards will have a safety level that varies from case to case. As mentioned earlier, the coordinates of the 'design point' from the probabilistic calculations with FORM and SORM are important for the calibration of the load and resistance factors in a reliability-based framework. These coordinates define the most likely combination of load and resistance parameters with which failure should occur. The partial safety factors are defined as the ratio of the deterministic design load and resistance parameters to the corresponding values at the design point. In other words, if one does a deterministic design using the partial safety factors for the case that gives the target probability of failure, then one would achieve the desired safety level. However, it should be noted that the partial safety factors obtained in this manner are with reference to the mean value of the parameters in question, not the 'characteristic' values. The characteristic design parameters already include some qualitative conservatism. This makes it difficult to properly calibrate the partial safety factors. For example, Table 5 compares the  m obtained using the mean capacity and the  m obtained using the characteristic value for some of more cases presented in Table 1 . The characteristic capacity was assumed to be 0.5 time the standard deviation less than the mean value (Lacasse et al., 2007) 
. The symbols used in Table 5 are identical to those in Table 1 .
Future offshore design codes should aim at providing an unambiguous definition of characteristic load and resistance, as well as range of load and resistance factors appropriate for the problem at hand. 
Conclusions
The partial safety factors (i.e. load and resistance factors) were calibrated for a target annual probability of failure of 1 × 10 -4 under different combinations of static and dynamic loads. The FORM approximation was used. The calibrated load and resistance factors changed consistently with the dynamic load ratio and the static to dynamic load ratio and with increasing uncertainty in the foundation capacity (CoV(Q)). Spot verifications were done comparing FORM and SORM and the changes in the results were found to be small.
The study suggests that the reliability level of offshore foundation design based on the load and resistance factors, as recommended in the guidelines and standards, will vary from case to case. The code-specified load and resistance factors do not always result in consistent annual failure probabilities for the offshore foundations.
However, with a probabilistic approach such as suggested herein, it is possible to calibrate the resistance factors used for offshore foundation design (e.g. piles, wind turbines, etc.) such that a more consistent reliability level is achieved. Such assessment requires information on the loads acting on the foundation, e.g., the environmental loads on the foundation at several return periods, and an assessment of the uncertainty in the estimated foundation capacity (or in the parameters used to calculate the foundation capacity). The design guidelines for offshore structures and their foundations are sometimes conservative and/or ambiguous with regards to partial safety factors to be used for newer design methods (e.g. CPT-based design methods for pile foundations). Using the approach outlined in the paper, one can document the level of safety (e.g. the annual probability of failure) and 'calibrate' the required partial safety factors such that the annual probability of failure is below a target level. By explicitly addressing the uncertainties, unnecessary conservatism is avoided and the design is optimised for the target safety level.
The partial safety factors obtained in this paper were with reference to the mean value of the load and resistance parameters, not the 'characteristic' values. The characteristic design parameters already include some qualitative conservatism, and this makes it difficult to properly calibrate the partial safety factors. Future offshore design codes should aim at providing an unambiguous definition of characteristic load and resistance, as well as range of resistance load and resistance factors appropriate for the problem at hand.
